In the framework of the Constrained Minimal Supersmmetric Standard Model (CMSSM) we discuss the impact of the pseudo-scalar Higgs boson in delineating regions of the parameters which are consistent with cosmological data and E821 data on the anomalous magnetic moment of muon. For large values of the parameter tan β > 50, cosmologically allowed corridors of large m 0 , M 1/2 are opened, due to the s-channel pseudo-scalar exchange in the pair annihilation of the lightest of the neutralinos to bb or ττ , which dominates in this region. However, no such corridors are found for values tan β < 50. Combining cosmological and E821 data puts severe upper limits on sparticle masses. We find that at LHC, but even at a e + e − linear collider with center of mass energy √ s = 800 GeV, such as TESLA, supersymmetry can be discovered, if it is based on the CMSSM.
Introduction
In the framework of supersymmetric models with R-parity conservation, it has been argued that for large tan β the neutralino relic density (Ωχ h 2 0 ) can be compatible with the recent cosmological data which favour small values for Ωχ h 2 0 . In this regime the neutralino (χ) pair annihilation through s-channel pseudo-scalar Higgs boson (A) exchange leads to an enhanced annihilation cross sections reducing significantly the relic density [1] , while the heavy CP -even Higgs (H) exchange is P -wave suppressed and not that important. The importance of this mechanism, in conjunction with the recent cosmological data which favour small values of the Dark Matter (DM) relic density, has been stressed in [2] . The same mechanism has been also invoked in Ref. [3] and [4] where it has been shown that it enlarges the cosmologically allowed regions. In fact Cosmology does not put severe upper bounds on sparticle masses, and soft masses can be in the TeV region, pushing up the sparticle mass spectrum to regions that might escape detection in future planned accelerators. Such upper bounds are imposed, however, by the recent g − 2 E281 data [5] constraining the CMSSM in such a way that supersymmetry will be accessible to LHC or other planned e + e − linear colliders if their center of mass energy is larger than about 1.2 TeV [6] . The bounds put by the g − 2 has been the subject of intense phenomenological study the last few months [6] [7] [8] [9] , and although the situation has not been definitely settled, supersymmetry emerges as a prominent candidate in explaining the discrepancy between the Standard Model predictions and experimental measurements.
In this study we undertake the problem of calculating the neutralino relic density, in the framework of the CMSSM, paying special attention to the pseudo-scalar Higgs exchange which dominates in the large tan β region. In this regime the cosmologically allowed domains depend sensitively on this mechanism and in conjunction with the bounds put by the g − 2 measurements can severely constrain the CMSSM predictions.
In particular, we find that cosmologically allowed corridors of large m 0 , M 1/2 values open up for tan β > 50, which however have little overlap with the regions allowed by the E821 data. The constraints imposed on the sparticle spectrum and the potential of discovering CMSSM in future accelerators are discussed.
The role of the pseudo-scalar Higgs boson mass
Theχχ fusion to the pseudo-scalar Higgs boson, A, which subsequently decays to a bb or a ττ , becomes the dominant annihilation mechanism for large tan β, when the pseudoscalar mass m A approaches twice the neutralino mass, m A ≃ 2mχ. In fact by increasing tan β the mass m A decreases, while the neutralino mass remains almost constant, if the other parameters are kept fixed. Thus m A is expected eventually to enter into the regime in which it is close to the pole value m A = 2mχ, and the pseudo-scalar Higgs exchange dominates. It is interesting to point out that in a previous analysis of the direct DM searches [10] , we had stressed the importance of the pseudo-scalar Higgs exchange mechanism in the large tan β region. In this regime one obtains the highest possible rates for the direct DM searches. Similar results are presented in Ref. [11] .
In the framework of the CMSSM the chargino mass bound as well as the recent LEP Higgs mass bound [12] already exclude regions in whichχ has a large Higgsino component, and thus in the regions of interest theχ is mainly a bino. A bino is characterized by a very small coupling to the pseudo-scalar Higgs A, however the largeness of tan β balances the smallness of its coupling giving a sizeable effect when m A ≃ 2mχ, making the s-channel pseudo-scalar exchange important.
It becomes obvious from the previous discussion that an unambiguous and reliable determination of the A-mass, m A , is demanded before one embarks on to calculate the neutralino relic density especially in regions where the s-channel pseudo-scalar exchange dominates. In the constrained SUSY models, such as the CMSSM, m A is not a free parameter but is determined once m 0 , M 1/2 , A as well as tan β and the sign of µ, sign(µ), are given. m A depends sensitively on the Higgs mixing parameter, m 2 3 , which is determined from minimizing the one-loop corrected effective potential. A subtlety arises for large tan β values since the effective potential is plagued by terms which are large and hence potentially dangerous, making its perturbative treatment untrustworthy. In order to minimize the large tan β corrections we had better calculate the effective potential using as reference scale the average stop scale Qt ≃ √ mt 1 mt 2 [13] . At this scale these terms are small and hence perturbatively valid. However, other contributions may not be negligible at this scale and should be properly taken into account. In particular, the neutralino and chargino contributions to the effective potential should be included for a more reliable calculation. These do not vanish at Qt since their masses, determined by the gaugino masses M 1 , M 2 and the µ value, may be quite different from Qt. Their inclusion to the effective potential improves the mass of the A-Higgs, as this is calculated from the effective potential, yielding a result that is scale independent and approximates the pole mass to better than 2% [14] .
A more significant correction, which drastically affects the pseudo-scalar mass arises from the gluino-sbottom and chargino-stop corrections to the bottom quark Yukawa coupling [15] [16] [17] [18] . They are given by
In this the first (second) term is the gluino, sbottom (chargino, stop) corrections to h b .
In the second term we have ignored the small electroweak mixing effects. The function G in Eq. (1) is the one used in Refs. [16, 18] which in [16] it is denoted by I 1 .
These are very important, especially the SQCD corrections, and should be duly taken into account. The important point is that these affect differently the µ > 0 and µ < 0 values of m A in a drastic way. In figure 1 we show the behaviour for the pseudo-scalar Higgs boson mass as function of the parameter tan β for the inputs shown in the figure,
for both signs of µ, with and without the aforementioned corrections. Also plotted is the value of the quantity 2 mχ. One observes that in the absence of these correction to the bottom Yukawa coupling, the pseudo-scalar Higgs mass in the two cases differ little and meet the 2 mχ line at tan β ≃ 40. Obviously the tan β region around this value leads to enhanced neutralino annihilation cross sections through A-exchange since we are in the vicinity of a pole. However, when the aforementioned corrections are taken into account the values of the pseudo-scalar mass in the two cases split as shown in the figure. That corresponding to the µ > 0 is moving upwards and that to µ < 0 downwards. Thus only the second can reach the pole value 2 mχ at a smaller tan β however. The mass corresponding to µ > 0 stays away from this, never reaching it, at least in the case shown, since for higher values of tan β we enter regions which are theoretically forbidden. The µ < 0 case does not stay comfortably well with the b → s + γ process, as well as with the observed discrepancy of the g − 2 data, if the latter are attributed to supersymmetry, and therefore we shall discard it in the sequel.
It is obvious from the previous discussion that the crucial parameter in this analysis is the ratio m A /2mχ. The calculation of the pseudo-scalar Higgs boson mass m A we have discussed in detail before. For the calculation of theχ mass we use the one-loop corrections of Ref. [17] . These result to corrections as large as 5%, in some cases, reducing the aforementioned ratio, making it to be closer to the pole value.
Numerical results-Discussion
Before embarking on to present our results we shall comment on our numerical analysis employed in this paper. This will be useful when comparing the results of this paper with those of other works, which use different numerical schemes in determining the mass parameters of the CMSSM. The predictions for the sparticle spectrum, including the mass of the pseudo-scalar Higgs, as well as the calculation of the relic density itself, may be sensitive to some of the parameters and the particular scheme employed.
In our analysis we use two-loop renormalization group equations (RGE), in the DR scheme, for all masses and couplings involved. The unification scale M GU T is defined as the point at which the gauge couplingsα 1 andα 2 meet but we do not enforce unification of the strong coupling constantα 3 withα 1,2 at M GU T . The experimental value of the MS strong coupling constant at M Z is an input in our scheme and this is related tô 
where ∆α em are the appropriate threshold corrections (for details see Ref. [17] ). In each iterationŝ 2 andα are extracted and from these the values ofα 1,2 at M Z are determined.
In the equations above all hatted quantities are meant to be in the DR scheme. Thus our analysis resembles that followed in Ref. [17] . Regarding the calculation of the lightest supersymmetric particle (LSP) relic abundance, the Boltzmann equation is solved numerically using the machinery outlined in Ref. [2] . The coannihilation effects in regions where the right-handed stau,τ R , approaches in mass the LSP, are properly taken into account. Caution should be taken in regions where the ratio m A /2mχ is close to unity. This signals the vicinity of a pole in which case the traditional non-relativistic expansion breaks down. On the pole the an-nihilation cross section through the pseudo-scalar Higgs s-channel exchange is large and its width is important in determining its size. The rescaled pseudo-scalar Higgs boson width is Γ A /m A ≃ 10 −2 , that is resembles that of the Z-boson, and hence for values of the ratio m A /2mχ larger than about 1.2 (see [19] ) we are away from the pole region.
We have found that in the m 0 , M is practically no such upper bound for the parameter M 1/2 , due to the coannihilation effects [4] which allow for M 1/2 as large as 1700 GeV within the narrow coannihilation band lying above the theoretically dissalowed region. For tan β = 55 a large region opens up within which the relic density is cosmologically allowed. This is due to the pair annihilation of the neutralinos through the pseudo-scalar Higgs exchange in the s-channel. As explained before, for such high tan β the ratio m A /2mχ has approached a pole and the pseudo-scalar exchange dominates yielding large cross sections and hence small neutralino relic densities. In this case the lower bound put by the g − 2 data cuts the cosmologically allowed region which would otherwise allow for very large values of m 0 , M 1/2 . The importance of these corridors has been stressed in the analysis of [4] and [6] . However, in our case these show up at much higher values of the parameter tan β.
We should remark at this point that in our analysis we use the value of 
Conclusions
In this work we have undertaken the problem of calculating the neutralino relic density in the framework of the CMSSM, by paying special attention to the pseudo-scalar Higgs exchange mechanism which is dominant in the large tan β region. Imposing the bounds α SU SY µ = (43.0 ± 16.0) × 10 −10 on the muon's anomalous magnetic moment, put by the BNL E821 experiment, in combination with the cosmological data Ωχ h 2 0 = 0.13 ± 0.05, severely restricts the sparticle spectrum. We found that the pseudo-scalar Higgs exchange mechanism opens cosmologically allowed corridors, of high m 0 , M 1/2 , only for very large tan β > 50, which, however, have little overlap with the regions allowed by the E821 data.
In fact only a few isolated points in the parameter space with tan β > 50 can survive the restrictions imposed by both data. The bounds put on the sparticle spectrum can guarantee that in LHC but also in a e + e − linear collider with center of mass energy √ s = 800 GeV, such as TESLA, CMSSM can be discovered. 
